As rural populations grow and rural poverty increases, consumption of fish from contaminated river systems will increase to supplement dietary protein requirements. The concentrations of metals in fish muscle tissue at two impoundments of the Olifants River (Flag Boshielo Dam and the Phalaborwa Barrage) were measured, and a human health risk assessment following Heath et al. (2004) conducted to investigate whether consumption of Schilbe intermedius from these impoundments posed a risk to human health. The results confirmed that metals are accumulating in the muscle tissue of S. intermedius. No patterns were observed in the ratios of the metals bio-accumulated at each impoundment. The human health risk assessment identified that all fish analysed exceeded the recommended levels for safe consumption for lead and chromium and about 50% exceeded the recommended level for antimony at Flag Boshielo Dam. Almost all fish analysed exceeded the recommended level for lead and more than 50% exceeded the recommended level for arsenic at the Phalaborwa Barrage. We conclude that weekly consumption of S. intermedius from these impoundments may pose an unacceptable risk to the health of rural communities.
INTRODUCTION
Globally, river systems have been adversely impacted by constant increases in domestic, agricultural, mining and industrial water abstraction and the release of contaminants such as metals and pesticides (Dudgeon et al., 2006; Strayer and Dudgeon, 2010; Vörösmarty et al., 2010) . Although most metals and metalloids (hereafter referred to as metals) occur naturally in the biogeochemical cycle, many are released into inland waters as industrial, mining, agricultural and domestic effluents, and may be deleterious to aquatic systems (Dallas and Day, 2004) . Some metals are essential micronutrients for living organisms (e.g. Co, Cu, Fe, Mn, Mo and Zn) but can exert toxic effects on aquatic biota when present at elevated levels (Heath and Claassen, 1999; Dallas and Day, 2004) . Other metals occur naturally at very low concentrations in aquatic ecosystems and have no known physiological functions. These might be toxic even at low concentrations, but have become widely distributed as a result of human activities (e.g., Cd, Pb and Hg) (Davies and Day, 1998; Dallas and Day, 2004) . The toxicity of metals in aquatic ecosystems is complex and dependent on their bio availability. Water hardness, pH, dissolved oxygen, temperature, salinity, interactions with other metal salts, and the presence of mineral and organic suspended solids all influence the bioavailability of metals (Chapman and Wang, 2000) .
Freshwater organisms absorb pollutants from the environment (sediment and water) and their food (Chen et al., 2000; Warren and Haack, 2001 ). Metals do not degrade in the environment but accumulate and are incorporated into aquatic food webs, concentrating up the aquatic food chain and posing a toxicity risk to organisms higher in the food chain: predatory fish, piscivorous birds, mammals and humans (Chapman and Wang, 2000) . Human communities that regularly consume contaminated fish are at risk of genotoxic, carcinogenic and non-carcinogenic health impairment from long-term exposure to toxic contaminants (Du Preez et al., 2003) . Thus, it has become increasingly important to assess the levels of metals in fish tissues as an indicator of metal pollution in aquatic systems (Rashed, 2001) and to determine whether the fish from impacted river systems are suitable for human consumption.
In South Africa, many rural communities rely on fish harvested from inland waters by subsistence fishers to supplement their dietary protein (Ellender et al., 2009; McCafferty et al., 2012) . However, many inland waters have become contaminated due to year-on-year increases in mining, agricultural, industrial and domestic effluent releases (Ashton and Dabrowski, 2011) . The Olifants River, a tributary of the Limpopo River in south eastern Africa, has been systemically impaired by acidification, industrial and agricultural chemicals, organic pollutants, and domestic waste, and is now one of the most polluted river systems in South Africa (Ashton and Dabrowski, 2011) . Intensive and subsistence agriculture activities, in conjunction with mining and industrial activities in the Emalahleni-Middelburg and Ba-Phalaborwa areas, significantly impacting the water quality of the Olifants River (Ashton and Dabrowski, 2011), particularly in the Upper Olifants (Fig. 1) . Acid mine drainage seeping from mines in the upper catchment (McCarthy, 2011) is resulting in the acidification of rivers and the mobilisation of metals from the sediment (McCarthy, 2011; Netshitungulwana and Yibas, 2012) . There is, therefore, increasing concern regarding the long-term impact of water pollution on the aquatic ecosystem and the health of rural communities in the Olifants River catchment, especially those still 608 reliant on untreated water or aquatic resources from the river and its impoundments (Oberholster et al., 2010) .
Many studies have used fish as indicators of metal pollution in aquatic systems (Rashed, 2001) because fish are at, or near, the top of the aquatic food chain (Parametrix Inc., 1995) . In South Africa, several studies have assessed the accumulation of metals in selected fish tissues, many of which have focussed on the Olifants River (Grobler et al., 1994; Seymore et al., 1995; 1996a, b; Robinson and Avenant-Oldewage, 1997; Marx and Avenant-Oldewage, 1998; Nussey et al., 1999; Avenant-Oldewage and Marx, 2000a, b; Coetzee et al., 2002) . The potential health risks to humans consuming contaminated fish are, however, seldom addressed (Heath et al., 2004) .
Du Preez et al. (2003) identified Schilbe intermedius Rüppell, 1832 as a species to be considered for chemical contaminant investigation in South Africa. However, little is known about S. intermedius and it has largely been ignored in bioaccumulation studies even though it is being targeted by subsistence fishermen and consumed by rural communities. Schilbe intermedius is widely distributed throughout tropical Africa from the Nile, West and East Africa southwards to the Cunene, Okavango, Zambezi, Limpopo and Phongolo systems (Skelton, 2001) . Predominantly pelagic, S. intermedius migrate to the surface at night to feed on a wide range of invertebrates and small fish (Skelton, 2001) . Here, the results of the first metal bioaccumulation study for S. intermedius from two impoundments in the middle and lower Olifants River System, Limpopo Province, South Africa, and an assessment of the potential risk to human health posed by consuming S. intermedius from these impoundments are presented.
MATERIALS AND METHODS

Study site
Four major impoundments and a water extraction barrage have been constructed on the main-stem of the Olifants River: Witbank, Loskop and Flag Boshielo dams in South Africa, Massingir Dam in Mozambique, and the Phalaborwa Barrage near the border of the Kruger National Park (Fig. 1 ). This study compared the autumn (March to May 2010) metal concentration in muscle tissue of S. intermedius from two impoundments on the Olifants River in Limpopo Province: Flag Boshielo Dam 24°46'51"S; 29°25'33"E and the Phalaborwa Barrage 24°4'12''S; 31°8'43''E (Fig. 1) .
Fish collection and analysis
Schilbe intermedius were collected using gill nets (single net 50 m long, 3 m drop, composed of 10 m panels of 50 to 150 mm mesh, set overnight). Live fish were held in aerated tanks until processing for a parasitological study. The length and weight of each fish were recorded. The fish were sacrificed by severing the spinal cord. A skinless sample of the muscle tissue (±15 g) was collected from a subset of the fish and frozen on site (8 from Flag Boshielo Dam and 15 from the Phalaborwa Barrage). The samples were stored at −80°C prior to analysis at an accredited laboratory (ISO/IEC 17025:2005) in Pretoria. The muscle tissue samples were dried and digested according to the methods of Bervoets and Blust (2003) and analysed for metals using inductively coupled plasma-optical emission spectrometry (Perkin Elmer, Optima 2100 DV). All samples were analysed in batches with blanks. Analytical accuracy was determined using certified standards from De Bruyn Spectroscopic Solutions (500MUL20-50 STD2). Recoveries were within 10% of the certified values. Box plots were plotted using R statistical software (R Development Core Team, 2014).
Length-weight relationship and condition factor
A length-weight relationship was determined for the combined data of the two impoundments using the standard power curve W = aL b ; where W = body mass in grams; L = standard length in mm, and a and b are coefficients determined for the lengthweight relationship (Anderson and Neumann, 1996) . An overall condition factor index was calculated using the relative weight (Wr = 100 W/aL b ) as recommended by Froese (2006) . An ANOVA evaluated the differences in the condition factor index between the impoundments using the ANOVA (aov) function in R. 
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Metal bioaccumulation
An ANOVA evaluated whether differences between the impoundments in metal content of the muscle tissue of S. intermedius were significant. To evaluate differences in the multivariate metal concentrations of S. intermedius between the two impoundments, a resemblance matrix was constructed using Euclidean distance and a non-metric multi-dimensional scaling (NMDS) plot prepared to visualise the results using the 'Nonmetric multidimensional scaling with stable solution from random starts, axis scaling and species scores' (metaMDS) function in the VEGAN package for R (Oksanen et al., 2013) . The metal concentrations were 4 th root transformed to reduce the confounding effect of metals that were present at high concentrations (e.g. iron and aluminium).
A distance-based test of homogeneity of multivariate dispersion and multiple analysis of variance (Anderson, 2001a,b; McCafferty et al., 2012) were performed to determine whether there was a statistically significant difference in the metal concentrations of S. intermedius from the two impoundments using the 'Multivariate homogeneity of groups dispersions (variances)' (betadisper) and 'Multi response permutation procedure and mean dissimilarity matrix' (MRPP) functions in VEGAN (Oksanen et al., 2013) . The betadisper routine (hereafter DISPER) determined whether the multivariate dispersion about the group centroid differed between the impoundments, whereas the MRPP routine (hereafter MANOVA) determined whether the position of the group centroids in multivariate space and/ or the multivariate dispersion about the group centroid differed between the impoundments (Anderson, 2001a; b) . A SIMPER analysis (Clarke and Warwick, 2001 ) was performed to determine the metals contributing most to the differences between S. intermedius from the two impoundments, using the 'Similarity percentages' (SIMPER) function in VEGAN. Kendall tau-B correlation coefficients were calculated for each impoundment to determine the correlation (R) between the respective metals in the muscle tissue using the correlation function (cor) in R.
Human health risk assessment
A human health risk assessment was carried out using the methodology of the US Environmental Protection Agency (US-EPA, 2000) as revised for South Africa by Heath et al. (2004) . The risk of chronic non-cancer health effects from oral exposure was calculated using the Average Daily Dose (ADD) and expressed in mg/kg body mass per day:
where the average metal concentration is in mg/kg, mass of portion in kg, adult body mass in kg, and no. of days between fish meals in days.
Risk assessments evaluating non-carcinogenic toxic effects of contaminants use reference doses (RfD) as thresholds above which adverse health impacts could be expected. A Hazard Quotient (HQ) was calculated to estimate the risk to human health:
(2) where:
HQ < 1 suggests adverse health effects are unlikely and HQ > 1 suggests a high probability of adverse health effects.
In order to calculate the ADD, a number of assumptions were required to characterise the population at risk sensu Heath et al. (2004) : 150 g portion once a week; 70 kg adult; and 30-year exposure (not used in the calculation, but the basis of the risk assessment). The HQ values for S. intermedius at each impoundment were summarised as box plots. From the box plots, the percentage of fish exceeding the recommended HQ could be estimated. The average metal concentration in the muscle tissues from each impoundment was used in the health risk assessment to reflect a long-term exposure to contaminated S. intermedius (Table 1) . Reference dose levels published by the US-EPA Integrated Risk Information System (IRIS) were used (US-EPA, 2013); see Table 1 .
RESULTS
Schilbe intermedius was the most abundant species caught at both impoundments. 
Length-weight relationship and relative weight
The length-weight relationship developed for S. intermedius from the two impoundments was W = 2.632 x 10 -6 *L 3.293
(n = 89; Adjusted R 2 = 0.973). There was no significant difference in the size of S. intermedius from the two impoundments (ANOVA p = 0.135), nor in the relative weight (ANOVA p = 0.371). Schilbe intermedius was found to have positive allometric growth (b > 3.0). We found no clear relationship between relative weight and standard length for either impoundment (ANOVA p > 0.74).
Metals in muscle tissue
The average metal concentrations in S. intermedius muscle tissue from Flag Boshielo Dam were in most cases higher than those from the Phalaborwa Barrage (ANOVA p < 0.05, Fig. 2 ). The NMDS plot shows a clear separation in the metal concentrations in muscle tissues between the two impoundments (Fig. 3) . DISPER returned a non-significant result (p = 0.3) but the MANOVA result was significant (p < 0.001), indicating that the separation evident on the NMDS plot for S. intermedius from the respective impoundments was statistically significant. The SIMPER analysis showed that about 75% of the dissimilarity between the S. intermedius populations could be attributed to iron, vanadium, barium, and strontium. About 88% of the similarity within the Flag Boshielo Dam population could be attributed to strontium, zinc, antimony, cobalt, and manganese, whereas about 80% of the similarity within the Phalaborwa Barrage population could be attributed to arsenic, selenium, tin, strontium, and antimony.
Inter-metal relationship
Correlations of metals within S. intermedius muscle samples from both impoundments are presented in Table A1 (Appendix). The concentrations of metals in the fish were quite variable and no patterns were observed. Only the Al:Ba correlation was greater than 0.6 at both impoundments. At Flag Boshielo Dam, Mn and Ni were strongly correlated with Ba, Table A1 ).
Human health risk assessment
For Flag Boshielo Dam, all S. intermedius analysed exceeded the recommended HQ of 1 for lead and chromium and about 50% exceeded the recommended HQ value for antimony, whereas for the Phalaborwa Barrage almost all S. intermedius analysed exceeded the recommended HQ of 1 for lead and more than 50% exceeded the recommended HQ value for arsenic. The weekly consumption of an average diet of S. intermedius from Flag Boshielo Dam exceeded the recommended HQ of 1 for antimony, chromium and lead whereas only lead exceeded the recommended HQ for the Phalaborwa Barrage (Table 1) .
DISCUSSION
The lead, antimony, arsenic and chromium concentrations in the muscle tissue were comparable to results from studies of metal accumulation in Oreochromis species (Al-Kahtani, 2009; Yilmaz, 2009; Jabeen and Chaudhry, 2010; Addo-Bediako et al., 2014) . The Olifants River catchment has numerous mineral deposits and is particularly rich in chrome and base metals. In addition, a number of lead, tin and antimony ore bodies have been mined in the catchment. The high levels of chromium and antimony in fish tissue could be related to the greater availability of these elements in the catchment. Acid mine drainage, prevalent in the upper catchment (Ashton and Dabrowski, 2011; McCarthy, 2011) , mobilising metals from the sediment and bedrock in the Olifants River (McCarthy, 2011; Netshitungulwana and Yibas, 2012) , is the main driver for the increases in metal concentrations in fish muscle tissue. The differences in metals accumulated by S. intermedius at the two impoundments could be attributed to differences in metal concentrations in the water and sediment at the two localities; however, no support for such a relationship was found for these sites . The metal concentrations in the muscle tissue of Oreochromis mossambicus (Peters, 1852) appear to have increased at both impoundments over the past 20 years , in particular the concentrations of aluminium, chromium, copper and iron, and it could be argued that a similar trend would be observed for S. intermedius. However, the condition factor appears to indicate that both S. intermedius populations were in good health.
No patterns in the correlation between metal pairs in the muscle tissue of S. intermedius were observed for the two impoundments. However, Jooste et al. (2014) found strong correlation coefficients between the patterns of metal accumulation in S. intermedius and three other species (Oreochromis mossambicus, Clarias gariepinus and Labeo rosae Steindachner, 1894) within each impoundment (Spearman rank correlation ρ > 0.8 for all pairs excluding S. intermedius; ρ > 0.6 for all pairs including S. intermedius). Schilbe intermedius is a pelagic predator (Skelton, 2001 ) and one could speculate that the major route for assimilating metals would be from the water column and pelagic food items, whereas the other species are demersal and more susceptible to absorbing metals from the sediment and the benthic food web. Further work is required to elucidate the differences in trophic transfer of metals in the pelagic and demersal food webs.
Human health risk assessment
Fish are a vital source of food for many of the world's people, especially low-income groups (Sayer and Cassman, 2013) , as they are a rich source of protein, micronutrients and essential fatty acids (Beveridge et al., 2013) , cheaper than other protein sources, and available from local lakes, rivers and impoundments. However, the consumption of fish could result in detrimental health impacts when harvested from contaminated inland waters. The human health assessment revealed that certain metals, viz., lead, antimony, chromium and, to a lesser extent, arsenic, in the muscle tissue of S. intermedius, exceed international levels for safe consumption such that an adult consuming a 150 g portion once a week may be placing themselves at a health risk.
If the trend of increasing pollution levels in the Olifants River (De Villiers and Mkwelo, 2009; Ashton and Dabrowski, 2011 ) continues, we predict that the risks to human health posed by the consumption of contaminated fish would also increase. Considering that the rural populations will continue to grow and poverty will increasingly necessitate the supplementing of dietary protein requirements, an escalation of the frequency of consumption of fish from the impoundments may occur.
Subsistence fishers are the main source of fish to rural communities, but were historically excluded from utilising impoundments (Weyl et al., 2007; McCafferty et al., 2012) . Due to limited resources, local conservation authorities no longer patrol impoundments resulting in increased illegal use of gill nets by subsistence fishers. The indiscriminate use of gill nets, unsustainable fishing pressure (McCafferty et al., 2012) , and pollution are contributing to the decline in fish stocks in the Olifants River impoundments, raising concerns regarding the conservation of endemic species. However, subsistence fishing provides an income source for fishers and fish as food to the community, and is becoming an important sector in rural livelihoods (McCafferty et al., 2012) . Our results indicate that fish from the impoundments of the Olifants River pose unacceptable health risks and the pollution trends in the basin (De Villiers and Mkwelo, 2009; Ashton and Dabrowski, 2011) indicate that these health risks will increase in the future. VAN VUREN JHJ (1996a) 
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